Aging is accompanied by deficits in cognitive function, which may be related to the vulnerability of myelinated nerve fibers to the normal process of aging. Loss of nerve fibers, together with age-related alterations in myelin sheath structure, may result in the inefficient and poorly coordinated conduction of neuronal signals. Until now, the ultrastructural analysis of cerebral white matter fiber tracts associated with frontal lobe areas critical in cognitive processing has been limited. In this study we analyzed the morphology and area number density of myelinated nerve fibers in the cingulate bundle and genu of the corpus callosum in behaviorally assessed young, middle aged, and old rhesus monkeys (Macaca mulatta). In both structures, normal aging results in a 20% decrease in the number of myelinated nerve fibers per unit area, while remaining nerve fibers exhibit an increasing frequency of degenerative changes in their myelin sheaths throughout middle and old age. Concomitantly, myelination continues in older monkeys, suggesting ongoing, albeit inadequate, reparative processes. Despite similar patterns of degeneration in both fiber tracts, only the age-related changes in the cingulate bundle correlate with declining cognitive function, underscoring its role as a critical corticocortical pathway linking the medial prefrontal, cingulate, and parahippocampal cortices in processes of working memory, recognition memory, and other higher cognitive faculties. These results further demonstrate the important role myelinated nerve fiber degeneration plays in the pathogenesis of age-related cognitive decline. J. Comp. Neurol. 518:3046-3064, 2010. 
exhibit an increasing frequency of degenerative changes in their myelin sheaths throughout middle and old age. Concomitantly, myelination continues in older monkeys, suggesting ongoing, albeit inadequate, reparative processes. Despite similar patterns of degeneration in both fiber tracts, only the age-related changes in the cingulate bundle correlate with declining cognitive function, underscoring its role as a critical corticocortical pathway linking the medial prefrontal, cingulate, and parahippocampal cortices in processes of working memory, recognition memory, and other higher cognitive faculties. These results further demonstrate the important role myelinated nerve fiber degeneration plays in the pathogenesis of age-related cognitive decline. J. Comp. Neurol. 518:3046-3064, 2010 . INDEXING TERMS: axon; cingulum; cognitive decline; paranode; remyelination Aging in the cerebral white matter of primates is associated with degeneration of both the axons and sheaths of myelinated nerve fibers. Electron microscopic analyses in the rhesus monkey (Macaca mulatta) have shown that the normally compact myelin sheaths of some fibers develop degenerative alterations. These include a splitting of sheaths at the major dense line with an accumulation of dense cytoplasm Sandell and Peters, 2001) , as well as separations at the intraperiod line that result in balloon-like, fluid-filled expansions of sheaths (Feldman and Peters, 1989) . Simultaneously, other age-related changes in myelin sheaths suggest that myelination is continuing. For example, there is an increased frequency of myelinated nerve fiber profiles through paranodes, suggesting that the total number of internodal lengths of myelin increases in older monkeys (Peters and Sethares, 2003) . There is also an increase in the percentage of profiles of myelin internodes with inappropriately thin sheaths (Peters and Sethares, 2003) . Both thin sheaths and short internodal lengths of myelin are classic signs of remyelination in the central nervous system (CNS) (Gledhill and McDonald, 1977; Ludwin, 1978 Ludwin, , 1981 Hirano, 1989) . Further indicators of continued myelination with age are the presence of some sheaths with large, redundant loops of myelin that extend away from their enclosed axon (Rosenbluth, 1966; Sturrock, 1976; Peters et al., 2000) , as well as a significant increase in the average number of myelin lamellae encircling an individual axon .
In addition to these age-related degenerative and regenerative changes to myelin sheaths, there is an overall loss of myelinated nerve fibers. This has been reported in postmortem histological analyses of cerebral white matter in nondemented human subjects who show a decrease in the number of myelinated nerve fibers with age (Meirer-Ruge et al., 1990; Marner et al., 2003) . One such study, a global stereological analysis of myelinated nerve fiber length, indicates that the overall length of nerve fibers in white matter decreases by as much as 10% per decade between the ages of 20 and 80 years (Marner et al., 2003) . These findings from human autopsy material are further supported by electron microscopic studies of cerebral white matter in the rhesus monkey. Morphological analyses of the optic nerve, anterior commissure, and splenium of the corpus callosum of old monkeys reveal some cross-sectional profiles of myelinated axons with dense axoplasm, indicating that they are degenerating Peters, 2001, 2003; Peters and Sethares, 2002) . The frequency of these degenerating axon profiles increase with age and result in a loss of more than 40% of nerve fibers from the anterior commissure (Sandell and Peters, 2003) and optic nerve (Sandell and Peters, 2001) , and a 25% loss of nerve fibers from the splenium (Peters and Sethares, 2002) over the lifespan of the rhesus monkey.
Recent in vivo analysis of the structural integrity of white matter in humans as measured by diffusion tensor magnetic resonance imaging (DT-MRI) suggests that white matter pathways may be differentially affected by aging, with frontal white matter being more affected than temporal and occipital white matter pathways (O 'Sullivan et al., 2001; Salat et al., 2005; Yoon et al., 2008) . For example, DT-MRI studies of the corpus callosum in humans indicate that the integrity of the genu decreases to a greater extent than the splenium (Head et al., 2004; Salat et al., 2005; Sullivan et al., 2006) . Moreover, frontal lobe associated fiber tracts, such as the cingulate bundle, have been shown to be the earliest ones to be affected in normal aging (Yoon et al., 2008) , and a recent DT-MRI study in the rhesus monkey has also found significant changes in white matter tracts associated with the prefrontal cortex, including the anterior corpus callosum, cingulate bundle, and superior longitudinal fascicle (Makris et al., 2007) .
Together, the overall loss of myelinated nerve fibers and the alterations to their sheaths could result in the inefficient coordination and conduction of neuronal signals from the prefrontal cortex, contributing to some of the age-associated deficits in working memory, shortterm memory, and executive system function observed with age in both humans (Albert, 1988 (Albert, , 1993 Lamar and Resnick, 2004) , and nonhuman primates (Presty et al., 1987; Moss et al., 1988; Rapp and Amaral, 1989; Moss et al., 1997; Moore et al., 2003 Moore et al., , 2006 .
To date, the ultrastructural analysis of the affects of age on myelinated nerve fibers and their sheaths relating to the frontal lobe of the cerebral hemisphere has been limited to the myelinated fibers within cortical area 46 of the dorsolateral prefrontal cortex, and to a lesser extent, those in the anterior commissure, which carries fibers from the orbitofrontal and anterior temporal cortices (Peters et al., 1994; Peters and Sethares, 2002; Sandell and Peters, 2003) . The present study expands on these observations by quantifying the age-related deterioration of myelinated nerve fibers in the genu of the corpus callosum and the cingulate bundle: two pathways carrying nerve fiber projections from the dorsolateral prefrontal cortex. The genu of the corpus callosum is the major commissural pathway for the prefrontal cortex, while the cingulate bundle is a heterogeneous system of fibers connecting the prefrontal cortex, thalamus, striatum, cingulate gyrus, parietal cortex, and medial temporal lobe (Mufson and Pandya, 1984; Schmahmann and Pandya, 2006) . The cingulate bundle is of particular interest due to its indirect and direct connections with the prefrontal cortex and medial temporal lobe (Goldman-Rakic et al., 1984; Morris et al., 1999) ; two brain regions critical for learning, memory, and executive system functions which are known to be impaired with advancing age (GoldmanRakic, 1988; Miller and Cohen, 2001 ).
MATERIALS AND METHODS Subjects
Twenty-one rhesus monkeys (Macaca mulatta), aged 4-32 years old, were used in this study (Table 1) . Of these, seven were young (<10 years), six were middleaged (10-20 years), and eight were old (>20 years). Exact birthdates for two monkeys (AM023 and AM143) are not known and are approximated based on weight, dentition, and sexual maturity at the time they were entered into the study. Nineteen of the 21 monkeys have been involved in previous studies of age-related myelinated nerve fiber degeneration in the prefrontal cortex (Peters et al., 1994; Peters and Sethares, 2002) , striate cortex (Peters and Nielsen, 2000; Peters et al., 2000) , the splenium of the corpus callosum (Peters and Sethares, 2002) , anterior commissure (Sandell and Peters, 2003) , or optic nerve (Sandell and Peters, 2002) , and are readily identified by their ''AM'' number. All animals were housed at facilities accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care (1996) . The Institutional Animal Care and Use Committee at Boston University approved all research protocols. All efforts were made to minimize the number of monkeys used and their suffering.
Tissue preparation
The protocol used for animal euthanasia and tissue fixation has been previously reported in detail (Peters et al., 1994) . Briefly, each monkey was anesthetized to a state of areflexia, intubated, and respirated with a mixture of 5% CO 2 and 95% O 2 . The chest cavity was opened and the monkey perfused intraaortically with a warm (37 C) mixed-aldehyde solution containing 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1M sodium cacodylate or phosphate buffer at a pH of 7.4. The brain was removed, weighed, and hemisected. One hemisphere was selected for processing for electron microscopic analysis. This hemisphere was postfixed in cold (4 C) 2% paraformaldehyde and 2.5% glutaraldehyde in the same buffer used for the perfusion and stored in this solution until 2-mm-thick tissue blocks were removed from the cingulate bundle and genu of the corpus callosum.
For the cingulate bundle, tissue blocks containing the cingulate gyrus, underlying white matter, and adjacent body of the corpus callosum were taken at the anterior/ posterior level of the anterior commissure. For the genu of the corpus callosum, blocks were removed from its dorsal half. Blocks were postfixed in 1% osmium tetroxide, dehydrated, embedded in Araldite resin in a BEEM capsule, and polymerized at 37 C for 3 days. From each embedded tissue block, 1-lm-thick sections were cut using an MT-6000 XL ultramicrotome (RMC, Tucson, AZ), and stained with 1% Toluidine blue. Sections through the cingulate cortex and white matter were cut in the coronal plane, while sections through the genu of the corpus callosum were cut in the sagittal plane.
In Toluidine blue-stained, semithick sections, the dorsal genu of the corpus callosum is clearly discernible. In contrast, the cingulate bundle is difficult to identify, but is clearly apparent in fixed, unstained tissue (Fig. 1) . To facilitate its identification in stained sections, a tracing of the cingulate bundle was made from the face of an adjacent unstained, and unembedded tissue block at 40Â magnification using a camera lucida. This tracing was then superimposed on a 40Â magnification tracing of the 1-lm-thick, Toluidine blue-stained plastic section in order Quantification of myelinated nerve fiber number per unit area
Thin sections were systematically randomly sampled at a magnification of 6,000Â by taking electron micrographs at the centers of grid squares. For the cingulate bundle, sampling was conducted with a fixed horizontal and vertical periodicity of every third grid square, yielding 13 to 21 micrographs per section. For the genu, a periodicity of every fourth grid square was used, yielding 9 to 14 micrographs per section. Micrographs were printed to a final magnification of 14,250Â.
A counting frame of fixed x/y dimensions was centered over each print and myelinated and unmyelinated nerve fiber profiles were counted using the axon profile as the counting object, following the inclusion/exclusion criteria of the unbiased counting frame (Gundersen, 1977) . Only cross-sectional profiles of nerve fibers were sampled in both fiber tracts. After adjusting for magnification the number of cross-sectional myelinated and unmyelinated nerve fiber profiles per unit area (area number density) were computed by dividing the total number of profiles counted by the total area examined.
Quantitative analysis of the morphology of myelinated nerve fiber profiles
The morphology of each myelinated nerve fiber profile included in the quantitative analysis of fiber area number density was further characterized as being a cross-section through an internode, paranode, or node of Ranvier, based on established morphological criteria (Peters et al., 1991 , Rosenbluth, 1995 . Profiles were also examined to determine if there were age-related changes in their axons or myelin sheaths. Characterizations of each nerve profile were initially made by one author (M.P.B), then reviewed and agreed upon by a second author (A.P.). A minimum of 1,000 profiles was counted in the cingulate bundle and 1,300 profiles in the genu for each subject. Morphological changes in myelin sheaths and in axons are expressed as a percentage of the total number of nerve fiber profiles examined. Representative micrographs prepared for publication were scanned into a computer, adjusted for brightness and contrast, and stored using Adobe Photoshop CS software (Adobe Systems, San Jose, CA).
Caliber of myelinated axons
Nerve fibers with normal myelin sheaths were measured to determine if axonal diameter changes with age or is associated with observed alterations in myelin sheath structure. An unbiased counting frame, centered over each electron micrographic print, was used to sample myelinated nerve fiber profiles, with at least 250 cross-sectioned nerve fibers sampled from each subject for both the cingulate bundle and genu. Axon profiles were outlined on sheets of acetate and the drawings subsequently digitized using PhotoStudio software and a Canon Canoscan 1300 scanner. The area of each outlined axon profile was calculated using NIH ImageJ software, devolved to a circle, and the diameter determined. Axon profiles from each subject were organized into one of six bins, 0.4 lm in width, from less than 0.4 lm to greater than 2.0 lm, and then divided by the total area examined to yield the number of fibers per unit area for each caliber class. To further assess the relationship between axon diameter and myelin sheath alterations, the axon of every identified nerve fiber profile with an altered myelin sheath was traced onto acetate, its diameter estimated, and the percentage of degenerative and redundant myelin sheath alterations determined for each caliber class of myelinated nerve fibers.
Cross-sectional area of the cingulate bundle and corpus callosum
To determine if there are changes in the cross-sectional area of the cingulate bundle with age, the white matter under the cingulate gyrus was traced from 1-lmthick, coronal sections stained with Toluidine blue. The boundaries of the cingulate white matter are diagrammed in Figure 1A ,B. At the level of the anterior commissure, the cingulate white matter is bounded on its dorsal, medial, and lateral aspects by the gray matter of the cingulate gyrus. Ventrally, it is bounded by the transversely running fibers of the body of the corpus callosum. Its inferolateral boundary was arbitrarily defined by a line oriented perpendicular to the cingulate sulcus, from the gray matter/white matter boundary dorsally, to the underlying corpus callosum ventrally. As defined, this cross-sectional area includes the more ventrally placed cingulate bundle as well as the surrounding local system fibers beneath the cortex. Each section was viewed at 20Â magnification with a computer-assisted light microscope and StereoInvestigator v. 6.0 software (MicroBrightField, Williston, VT). The white matter underlying the cingulate cortex was traced and its area was calculated by the software program using the x and y coordinate of each pixel that formed the drawn contour.
To address possible age-related changes in the size of the genu of the corpus callosum, photographs of the midsagittal surface of 24 rhesus monkey brains, ranging from 4 to 30 years of age, were used. Photographs were available for only 9 of the 18 brains used in this study (Table 2) , and of these nine the old-age monkeys in the subject set were limited to two females. Therefore, to more accurately determine the effects of age on genu size, available photographs from 15 additional subjects, involved in an ongoing study of the neurobiological basis of cognitive decline, were included in the analysis. All 24 monkeys had been perfused with 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1M sodium cacodylate or phosphate buffer, hemisected, and the mid-sagittal face digitally photographed. Each photograph was printed using a Kodak PS 8650 color printer and the cross-sectional area of the corpus callosum in its entirety traced onto a sheet of acetate. Tracings were then scanned into a Power Macintosh 8650/300 using an Agfa Arcus II scanner. The genu of each corpus callosum was defined following criteria established by Witelson (1989) , in which the callosum is divided into seven regions based on the origin and topography of cortical interhemispheric fibers. In mid-sagittal section the genu is the most anterior part of the corpus callosum. The posterior boundary of the genu is defined as a straight line, perpendicular to the long axis of the corpus callosum, at the boundary of the corpus callosum with the anterior tip of the septum pellucidum (Fig.  1C) . The cross-sectional area of each genu was then calculated using NIH ImageJ software.
Behavioral assessment
Twenty of the 21 rhesus monkeys used in this study had been administered a series of behavioral tasks to assess their cognitive ability prior to being euthanized (Table 1 ). This battery included acquisition and two delay phases of the Delayed Nonmatch to Sample (DNMS) task as well as the spatial and object versions of the Delayed Recognition Span Task (DRST). Detailed descriptions of each of these behavioral tasks have been presented previously (Moss et al., 1988 ).
All 20 behaviorally tested monkeys completed acquisition of the DNMS task, a test of rule learning. A 2-minute delay phase of the DNMS was administered to 19 monkeys and a 10-minute delay phase to 13 monkeys: both tests of short-term memory. The DRST, a test of working memory load, was administered as both spatial and object versions. Nineteen monkeys completed the spatial version and 14 monkeys completed the object version of the DRST.
The combined performances by each of 19 monkeys that completed the DNMS acquisition, DNMS 2-minute delay, and the DRST spatial tasks were normalized to the performance of 53 adult monkeys as described by Herndon et al. (1997) , resulting in a composite score of global cognitive impairment, the CII, or Cognitive Impairment Index. The CII is used here as a measure of the animal's overall cognitive decline with age. The larger the value of the CII, the greater a subject's overall impairment.
Data analysis
The associational strengths between variables of myelinated nerve fiber integrity, behavioral performance, and age were analyzed using the Pearson productmoment correlation coefficient with a linear fit. For the analysis of age as an independent variable, additional piecewise linear models were used to assess nonlinear relationships between variables of myelinated nerve fiber degeneration and age. This analysis estimates separate The cingulate gyrus and underlying white matter at the level of the anterior commissure. The cingulate white matter (cwm) is bounded dorsally, medially, and laterally by the cingulate cortex (cg). Ventrally, it is bounded by the body of the corpus callosum (cc). An inferolateral boundary was arbitrarily defined by a line oriented perpendicular to the cingulate sulcus (cs), from the gray matter/white matter boundary dorsally, to the underlying corpus callosum (cc) ventrally. B: Enlarged diagram of the cingulate white matter from A. The cingulate white matter is composed of both the cingulate bundle proper (cb) and local system fibers (u) underlying the cingulate cortex (cg). The hatched area represents the portion of the cingulate bundle sampled for electron microscopic analysis. C: A midsagittal diagram of the corpus callosum of the rhesus monkey. The genu (g) is the anteriormost portion of the corpus callosum. Its posterior boundary is defined by a straight line, perpendicular to the long axis of the corpus callosum, at the boundary of the corpus callosum with the anterior tip of the septum pellucidum (sep). Splenium (s), body of the corpus callosum (b), rostrum (r). D: An enlarged diagram of the mid-sagittal area of genu of the corpus callosum in C. The hatched area represents the dorsal portion of the genu sampled for electron microscopic analysis.
linear slopes for three age intervals: young (<10 years), middle-aged (10-20 years), and old (>20 years). Within each of these groups, the regression coefficient (b) denotes the rate of change of the variable being measured as a function of age. These age intervals were selected prior to performing any statistical analyses and are based on theoretical grounds.
Additional analyses were conducted using Pearson product-moment correlation coefficients with a linear fit, or for between-groups comparisons, Student's pair-wise t-test. Associations with P-values less than 0.05 were deemed statistically significant. In the following text and tables data are presented as the mean plus or minus the standard deviation.
RESULTS
The cingulate bundle and the genu of the corpus callosum are largely comprised of myelinated nerve fibers, and interspersed among them are unmyelinated nerve fibers, along with the cell bodies and processes of oligodendrocytes, astrocytes, and microglial cells. The cingulate bundle and genu have a similar composition, with 82% of axons being myelinated in the cingulate bundle and 81% in the genu. Representative electron micrographs of the cingulate bundle are given in Figures 2 and 3. Typically, the profiles of myelinated nerve fibers in young monkeys (Fig. 2) are tightly packed, with the myelin sheaths of adjacent fibers often abutting one another. Unmyelinated nerve fibers (Figs. 2, 3 , U) occur either singly or in groups scattered among the more numerous myelinated nerve fiber profiles. In contrast, myelinated nerve fiber profiles in older monkeys (Fig. 3) are more widely separated, with numerous processes of astrocytes ( Numbers of myelinated nerve fibers per unit area with age
As determined from electron micrographs of the cingulate bundle and genu of the corpus callosum, the number of myelinated nerve fibers per unit area decreases with age (Table 2 ). In the cingulate bundle, the mean number *Exact age unknown. Individual values for cross-sectional area, myelinated nerve fiber density, and age-related changes in myelin sheath morphology in the cingulate bundle and genu of the corpus callosum for 21 rhesus monkeys ranging in age from 4 to 32 years of age.
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The Journal of Comparative Neurology | Research in Systems Neuroscience of profiles per 100 lm 2 decreases from 63 6 8 in young monkeys, to 56 6 4 in middle age, and 49 6 9 in the old monkeys. The more tightly packed nerve fibers in the genu of the corpus callosum show a similar age-related decrease in area number density, with the mean number of myelinated nerve fibers per 100 lm 2 decreasing from 99 6 12 fibers in the youngest monkeys, to 77 6 15 in middle age, and 84 6 13 fibers in old age. Using a linear fit, the number of myelinated nerve fiber profiles per 100 lm 2 is negatively correlated with age in both pathways (cingulum: r ¼ À0.647, P < 0.005; genu: r ¼ À0.480, P < 0.05). Overall, there is a similar decrease of about 20% in myelinated nerve fiber area number density between the ages of 6 and 30 years in both structures. As shown in Figure 4A , piecewise linear analysis indicates that the decreases in the number of myelinated nerve fibers per unit area occur gradually with age, and do not exhibit a significant age-group specific decrease in either pathway.
In contrast to the age-related reduction in the number of myelinated nerve fibers per unit area, the number of unmyelinated axons per unit area is not significantly altered with age in either the cingulate bundle (r ¼ 0.408, P ¼ 0.0829) or genu (r ¼ À0.090, P ¼ 0.7141). Additionally, piecewise linear analysis indicates that there are no significant age-group specific changes in the area number density of unmyelinated axons in either structure.
Degeneration of myelinated axons with age
The normal profile of an axon of a myelinated nerve fiber shows an electron-lucent axoplasm containing mitochondria and an array of microtubules and neurofilaments. Evidence of the degeneration of the axons of myelinated nerve fibers is indicated by the appearance of axonal profiles with a darkened axoplasm (Lampert, 1967) . Such degenerating axons are found in both (Fig. 2) , and astrocytic processes (As) are more frequent between adjacent nerve fibers. Some nerve fibers (1 and 3) contain dense cytoplasm in splits of their myelin sheaths. Another myelinated nerve fiber (2) shows ballooning of the sheath. Interspersed among these myelinated nerve fibers are unmyelinated nerve fibers (U). Profiles through paranodes (P) are also indicated. Scale bar ¼ 2 lm.
middle-aged and elderly monkeys and often contain vacuoles and dense debris (Fig. 5) . Further evidence for frank axonal degeneration is the presence of empty myelin sheaths.
At any age the frequency of degenerating axonal profiles in the cingulate bundle and genu is less than 1% of the total myelinated nerve fiber population, but even in this small range the frequency of degenerating axon profiles significantly increases with age in both the cingulate bundle (r ¼ 0.857, P < 0.0001) and the genu (r ¼ 0.853, P < 0.0001). Based on piecewise linear analyses, the age-related increase in degenerating axon profiles is greatest during middle age in both structures (cingulum: b ¼ 0.040, P < 0.05; genu: b ¼ 0.050, P < 0.005; Fig.  4B ).
Size of myelinated axons: relationship to area number density
To determine if any group of myelinated nerve fibers is more prone to degeneration than another, the mean diameter of their axons was determined in both the cingulate bundle and genu. Across all age groups the mean diameter of cingulate bundle axons is 0.67 lm 6 0.06 lm in young, 0.70 lm 6 0.05 lm in middle age, and 0.66 lm 6 0.03 lm in old subjects, as compared to 0.58 lm 6 0.04 lm, 0.62 lm 6 0.05 lm, and 0.57 lm 6 0.04 lm in the genu, so that neither structure shows a significant change in the mean diameter of myelinated axons with age. Consequently, the decrease in the number of myelinated nerve fibers per unit area observed in both structures with age is not the result of an age-related increase in the diameter of those myelinated axons.
An analysis of the number of myelinated nerve fibers per unit area, by separating myelinated axons from each subject into six caliber classes of 0.4 lm, from <0.4 lm to >2.0 lm, showed no evidence for a class-specific loss of nerve fibers with age. When analyzed individually, the number of myelinated nerve fibers per unit area in each of the six diameter classes showed no significant change with age in either the cingulate bundle or genu of the corpus callosum.
Cross-sectional area of cingulate white matter and genu of the corpus callosum
The cross-sectional area of the cingulate white matter from all 18 subjects shows no significant change with age (n ¼ 18; r ¼ 0.014, P ¼ 0.9546). When males (n ¼ 9) and females (n ¼ 9) are considered separately, the area of the cingulate white matter is not statistically altered with age in female monkeys (r ¼ 0.472, P ¼ 0.1684.), but exhibits a 28% decrease in male monkeys (r ¼ À0.661, P < 0.05). This finding is significant in that a loss of cross-sectional area occurring concurrently with a decrease in myelinated nerve fibers may result in an overall underestimation of myelinated nerve fiber loss from the cingulate bundle with age in males. The mid-sagittal area of the genu is not significantly altered with age (n ¼ 24, r ¼ À0.080, P ¼ 0.7038), nor is a difference detected The number of myelinated nerve fibers per unit area, and (B) the frequency of myelinated nerve fiber profiles with degenerating axons in the cingulate bundle and genu of the corpus callosum of young (<10 years), middle-aged (10-20 years), and old (>20 years) rhesus monkeys. In both structures a decrease in myelinated nerve fibers occurs gradually with age, with none of the three age groups exhibiting a significant change in area number density (A). The frequency of degenerating myelinated axons significantly increases only during middle age in both the genu (P < 0.005) and cingulate bundle (P < 0.05; B).
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Age-related deterioration of myelin sheaths
In both the cingulate bundle and genu the majority of myelinated nerve fiber profiles have compact myelin lamellae, although some of the sheaths show focal ''shearing'' defects, which are considered to be artifacts of tissue processing. Shearing defects appear as local patches where adjacent lamellae become detached from one another, resulting in wisps of myelin separated by small empty spaces that either project inward to indent the axon, or bulge outward from the surface of the myelin sheath (Fig. 2, arrows) .
Distinct from artifacts of tissue processing are degenerative or dystrophic alterations in myelin sheaths. These become more frequent with age and can be classified into three types: dense sheaths, myelin balloons, and redundant sheaths. Dense sheaths and myelin balloons are considered evidence of myelin sheath degeneration. Dense sheaths result from splits at the major dense line that are filled with electron-dense cytoplasm (Figs. 3, 5) . Frequently, this dense cytoplasm contains vacuoles and dense amorphous bodies. Since the major dense line is produced by the apposition of the inner leaflets of an oligodendrocyte's plasma membrane, the dense cytoplasm seen in the sheaths of some nerve fibers from middleaged and old monkeys must be derived from the oligodendrocyte that forms the sheath. Dense sheaths are the most common form of myelin sheath defect observed in both the cingulate bundle and genu, accounting for 50-80% of age-related myelin sheath alterations.
Myelin balloons (Fig. 3) arise from a splitting of the myelin sheath at the intraperiod line. These balloons appear as spherical bulges of the sheath that are filled with fluid (Feldman and Peters, 1998) . Since the intraperiod line represents the apposition of the outer faces of the oligodendrocyte plasma membrane in adjacent turns of the sheath, the cavity forming a myelin balloon is continuous with the extracellular space, and this may be the origin for the fluid filling a balloon. Myelin balloons are common in aging gray matter (Peters and Sethares, 2002) , but they are rare in white matter tracts such as the genu and cingulate bundle, accounting for less than 3% of all abnormal myelin sheath profiles.
Redundant sheaths are myelin sheaths that are too large for the axon they ensheath (Rosenbluth, 1966) . In a cross-sectional profile the axon is typically situated at one end of a sheath profile, with the redundant myelin looping away from it (Fig. 6) . It has been suggested that these irregular myelin profiles may result from the active formation of myelin (Rosenbluth, 1966) or the remodeling of myelin sheaths (Cullen and Webster, 1979) in the CNS. Redundant sheaths vary in frequency in the genu and the cingulate bundle, but typically account for 20-50% of the observed age-related myelin sheath changes. While alterations in myelin sheath structure are present at every age, they are much more prevalent in middleaged and old animals. The frequency of all altered myelinated nerve fiber profiles increases significantly with age in both the cingulate bundle (r ¼ 0.953, P < 0.0001) and genu (r ¼ 0.953, P < 0.0001). Further, piecewise linear analysis indicates that this age-related increase in altered myelin sheaths occurs most commonly in middle-aged and old monkeys (Fig. 7A ). In the genu the sharpest increases occur in middle age (b ¼ 0.489, P < 0.0001), and in the cingulate bundle it occurs in old monkeys (b ¼ 0.372, P < 0.0001). Individually, the frequencies of myelinated nerve fibers with dense sheaths (cingulum: r ¼ 0.943, P < 0.0001; genu: r ¼ 0.945, P < 0.0001) or myelin balloons (cingulum: r ¼ 0.584, P < 0.01; genu: r ¼ 0.543, P < 0.05) positively correlate with age in both structures. In contrast, redundant sheaths increase significantly with age in the cingulate bundle (r ¼ 0.545, P < 0.05) but not in the genu of the corpus callosum (r ¼ 0.299, P ¼ 0.2137.). Piecewise analysis of data from both the genu and cingulate bundle shows that the frequency of dense sheaths rapidly increases after 10 years of age (Fig. 7B) , while redundant sheaths increase significantly between 10 and 20 years of age, but thereafter maintain a plateau or decrease in frequency (Fig. 7C) .
Size of myelinated axons: relationship to myelin sheath alterations
To determine if alterations in myelin sheaths preferentially affect axons of a particular diameter, the frequency of alterations was calculated for six caliber classes of axons, from <0.4 lm to >2.0 lm, using the combined data from the middle-aged and old monkeys. In the cingulate bundle and genu the degenerative changes in myelin sheaths, such as dense sheaths and myelin balloons, are present on nerve fibers of all sizes, but are more frequent in larger-caliber fibers (Fig. 8A,B) . Conversely, in both fiber tracts the redundant sheaths predominate in nerve fibers of a smaller caliber, and are absent in the largest caliber nerve fibers (>1.6 lm).
Continuing myelination in the aging brain
As pointed out earlier, redundant sheaths are considered evidence of the active myelination of nerve fibers (Rosenbluth, 1966; Cullen and Webster, 1979) . In addition to these redundant sheaths, some myelinated nerve fibers of both the cingulate bundle and genu show evidence of early stages of myelination, so that in older monkeys some fibers have inappropriately thin myelin sheaths composed of only two or three layers of myelin (Fig. 9) . Such thin myelin sheaths are generally regarded as an indicator of remyelination in the CNS (Gledhill and McDonald, 1977; Ludwin, 1978 Ludwin, , 1981 Hirano, 1989) .
Internodes, paranodes, and nodes of Ranvier
A further indicator of continuing myelination in the aging CNS is the presence of short internodal lengths of myelin (Gledhill and McDonald, 1977; Ludwin, 1978 Ludwin, , 1981 Hirano, 1989) . Each length of myelin can be considered to have two distinct domains: a central domain of compact myelin, and paranodal domains at the two ends of each length of myelin where the myelin lamellae terminate adjacent to nodes of Ranvier. Cross-sectional profiles through the central portion of each internodal length of myelin are identified by compact myelin lamellae and a distinct separation between the innermost plasma membrane of the oligodendrocyte and the axolemma (Fig. 5,  I ). In contrast, at a paranode there is a continuous ring of cytoplasm separating the axon from the inside of the compact myelin sheath, and the plasma membranes of the innermost turn of the oligodendrocyte process and the axon are in close apposition, forming a complex junction ( Fig. 5, P) .
At the node of Ranvier the axon is bare (Fig. 2, N) . The characteristic feature of a nodal profile is the presence of a dense undercoating on the inner surface of the axolemma. This undercoating is essential for the accurate identification of nodes, and when it is not apparent, it is not possible to distinguish nodal profiles from those of unmyelinated nerve fibers.
With increasing age, linear analysis shows that the frequency of profiles through paranodes significantly increases in both the genu of the corpus callosum (r ¼ 0.780, P < 0.0001) and the cingulate bundle (r ¼ 0.523, P < 0.05). Inversely, internodal profiles significantly decrease with age in both regions (genu: r ¼ À0.766, P < 0.0001; cingulum: r ¼ À0.462, P < 0.05). Profiles through nodes of Ranvier are rare in both structures, and given this, no significant change in their frequency is observed with age (genu: r ¼ À0.050, P ¼ 0.8389; cingulum: r ¼ 0.061, P ¼ 0.8041).
Piecewise, linear analysis of the frequency of paranodal profiles with age indicates that the increase in their frequency mainly occurs after 20 years of age in the genu (b ¼ 0.311, P < 0.005; Fig. 10) , and there is a trend toward a significant increase in the same age group in the cingulate bundle (b ¼ 0.160, P ¼ 0.0961; Fig 10) . Together, the increase in frequency of paranodal profiles and the decrease in internodal profiles indicates that there is an increase in the total number of internodal lengths of the frequency of myelinated nerve fiber profiles with altered myelin sheaths (including dense sheaths, redundant sheaths, and myelin balloons), (B) the frequency of myelinated nerve fiber profiles with dense myelin sheaths, and (C) the frequency of myelinated nerve fiber profiles with redundant myelin sheaths in the cingulate bundle and the genu of the corpus callosum of young (<10 years), middle-aged (10-20 years), and old (>20 years) rhesus monkeys. As shown in A, a significant increase in the frequency of total altered myelin sheaths is seen in the middle-aged and old groups in both the genu (middle age, P < 0.0001; old, P < 0.005) and cingulate bundle (middle age, P < 0.005; old, P < 0.0001). Likewise, in B a significant increase in the frequency of dense myelin sheaths is seen in the middle-aged and old groups in both the genu (middle age, P < 0.001; old, P < 0.0001) and cingulate bundle (middle age, P < 0.05; old, P < 0.0001). In C a significant increase in the frequency of redundant myelin sheaths is evident in middle-aged monkeys in both the genu (P < 0.001) and cingulate bundle (P < 0.05). Additionally, there is a significant decrease in the frequency of redundant myelin sheaths in the genu of old aged monkeys (P < 0.005) but not in the cingulate bundle.
myelin, and provides further evidence that there is remyelination of some axons in older monkeys.
Correlations with cognitive performance
The individual performance of each of the 20 monkeys that underwent behavioral testing is given in Table 1 . Overall, these monkeys show age-related deficits in performance on tasks of rule learning (DNMS acquisition), and short-term recognition memory (DNMS 2-minute delay). Aging is associated with poor performance on acquisition of the DNMS task as evidenced by an increased number of trials to criterion (r ¼ 0.548, P ¼ 0.01). On the 2-minute delay phase of the DNMS task, increasing age is associated with a reduced number of correct responses (r ¼ À0.487, P < 0.05). Scores on the 10-minute delay phase of the DNMS task and on both versions of the DRST do not correlate with age. Based on the combined scores on the acquisition and 2-minute delay phase of the DNMS and the spatial versions of the DRST, a measure of global cognitive ability, the CII, is calculated. Using a linear fit, CII increased significantly with advancing age (r ¼ 0.539, P < 0.05), indicating increasing impairment with age.
Statistical correlations between ultrastructural changes in the genu of the corpus callosum and behavioral performance from 17 monkeys reveal little relationship between age changes in the myelinated nerve fibers of the genu and cognitive function. There is only one significant association: that between the percentage of myelinated nerve fiber profiles with degenerating 
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In marked contrast, the 18 monkeys used for analysis of the cingulate bundle show a number of significant associations between alterations in myelinated nerve fiber morphology and cognitive performance. The percentage of myelinated nerve fiber profiles with degenerating axons is negatively associated with performance on the acquisition of the DNMS task (n ¼ 18, r ¼ 0.702, P < 0.001) and the 2-minute delay phase of the DNMS task (n ¼ 17, r ¼ À0.660, P < 0.005). As shown in Figure  11A , global cognitive impairment also increases with the increasing frequency of degenerating axons in the cingulate bundle (n ¼ 18, r ¼ 0.688, P < 0.005). The frequency of degenerating axons does not correlate with performance on the 10-minute delay phase of the DNMS, or on either the spatial or object versions of the DRST.
In the cingulate bundle the frequency of nerve fibers with altered myelin sheaths also shows significant associations with behavioral performance. An increase in the percentage of nerve fibers with altered myelin sheaths is significantly correlated with poorer performance on acquisition of the DNMS task (n ¼ 18, r ¼ 0.704, P < 0.0005), and DNMS 2-minute delays (n ¼ 17, r ¼ À0.472, P < 0.05). As shown in Figure 11B , myelin sheath alterations in the cingulate bundle are also positively associated with CII (n ¼ 18, r ¼ 0.709, P < 0.001). The frequency of altered myelin sheath profiles in the Figure 10 . Scatterplot with a piecewise, linear fit showing the frequency of myelinated nerve fiber profiles through paranodes in the cingulate bundle and genu of the corpus callosum of young (<10 years), middle-aged (10-20 years), and old (>20 years) monkeys. A change in the frequency of paranodal profiles is most prominent in old age, significantly increasing in the genu of the corpus callosum (P < 0.005), and exhibiting a trend toward a significant increase in the cingulate bundle (P ¼ 0.0961) of old monkeys. No significant age group-specific changes in paranodal frequency are evident in either structure in young or middle-aged monkeys. Figure 11 . A: Scatterplot with a linear fit, showing the frequency of myelinated nerve fiber profiles with degenerating axons in the cingulate bundle and genu of the corpus callosum versus a measure of global cognitive impairment, the CII. An increase in CII, indicating worsening cognitive function, is associated with an increase in the frequency of degenerating axons in the cingulate bundle (P < 0.005) but not in the genu of the corpus callosum (P ¼ 0.2465). B: Scatterplot with a linear fit, showing the frequency of myelinated nerve fiber profiles with altered myelin sheaths in the cingulate bundle and genu of the corpus callosum versus CII. Worsening cognitive function is significantly associated with an increased frequency of altered myelin sheaths in the cingulate bundle (P < 0.001) but not the genu (P ¼ 0.1086).
cingulate bundle does not correlate with performance on the 10-minute delay phase of the DNMS, or with either version of the DRST.
The number of myelinated nerve fibers per unit area, percentage of paranodal profiles, and percentage of internodal profiles in the cingulate bundle are not significantly associated with performance on any individual behavioral task, or with overall cognitive impairment.
DISCUSSION
This study examined the affects of age on the myelinated nerve fibers in the cingulate bundle and genu of the corpus callosum. With increasing age there is a marked deterioration in the structure of some myelinated nerve fibers in each pathway. This deterioration begins, and is most pronounced, in middle age, with structural alterations in myelin sheaths that include the accumulation of dense cytoplasm in some sheaths and the ballooning of other sheaths. Such alterations affect 4% to 7% of myelin sheaths in monkeys over 20 years of age. There is also a significant age-related decrease in the area number density of myelinated, but not unmyelinated, nerve fibers in both pathways.
Even though some sheaths of myelinated nerve fibers in the cingulate bundle and genu degenerate with age, there is also evidence for the remyelination. This is supported by the presence, in middle-aged and old monkeys, of some myelinated nerve fiber profiles that have inappropriately thin myelin sheaths, as well as some with redundant myelin. Further evidence for remyelination in the cingulate bundle and genu of the corpus callosum with age is an increase in the frequency of paranodal profiles, suggesting that the average internodal length of myelin is decreasing and the total number of internodal lengths of myelin is increasing.
Methodological considerations
In this study we assessed the number of myelinated fibers using 2D counting frames oriented perpendicular to the long axis of the cingulate bundle and the genu of the corpus callosum. For both structures we estimated the total cross-sectional area and the total number of myelinated fibers within that area to obtain a fiber density measure. In reporting a density measurement it is important to determine whether or not the denominator (total cross-sectional area of the fiber tract) has changed, as shrinkage of the tract area without a change in the number of fibers would manifest as an increased density, while an expansion of the tract area without change in number would manifest as an decrease in density. In the present study we observed that there was no significant change in the total cross-sectional area of either fiber tract with age but there was a decrease in the number of myelinated nerve fiber profiles per unit area. Hence, the age-related decrease in the number of nerve fibers per unit area is not an artifact of a change in the cross-sectional area of the tract.
It is also important to consider whether changes in the third, or z-dimension, of each tract could affect these measures. The myelinated fibers in each tract run for long distances in the z-dimension (anterior to posterior for the cingulate bundle and medial to lateral for the genu of the corpus callosum) and have a variety of origins and terminations, making it impossible to determine the lengths of the tracts. In this regard, the 2D sampling done orthogonal to the fiber trajectories (i.e., to the z-dimension) would not be affected by either shrinkage or expansion of the length of the fiber tract.
Finally, in support of our contention that there is a loss of nerve fibers, there is the evidence that some nerve fibers degenerate with age (Fig. 5) , and it should be noted that more global 3D measures of total myelin with in vivo MRI methods by both this group (Wisco et al., 2008) and others (Guttmann et al., 1998; Allen et al., 2005) have shown that total cerebral white matter volume decreases with age. Hence, the observed age-related decrease in the numbers of myelinated nerve fibers per unit area in both the cingulate bundle and genu reported here is best explained as a loss of nerve fibers.
Loss of nerve fibers with age
While a number of studies using MRI have described age-related losses of white matter in the forebrain of humans (Guttmann et al., 1998; Allen et al., 2005) , there are only a few studies that provide histological data on the loss of white matter and/or axons with age in the human brain. In one study, stereological methods were used to quantify the total length of myelinated nerve fibers in the cerebral white matter of nondemented aging humans using systematic random sampling of biopsy specimens (Marner et al., 2003) . This study reported that the total length of myelinated fibers shortens by as much as 45% between the ages of 20 and 80 years.
In the rhesus monkey, as in humans, in vivo MRI studies have demonstrated a significant loss of white matter volume with age (Wisco et al., 2008) . In addition, numerous studies provide histological evidence of age-related losses of myelinated nerve fibers in a number of different structures. In the optic nerve (Sandell and Peters, 2001) and the anterior commissure (Sandell and Peters, 2003) , age-related decreases in myelinated nerve fiber number have been estimated to be 44% and 50%, respectively.
In the present study the 2D quantification of the number of myelinated nerve fibers per unit area in the genu and cingulate bundle shows that there is a significant Aging and nerve fibers
The Journal of Comparative Neurology | Research in Systems Neuroscience decrease in fibers numbers with age. Given that there is no change in the cross-sectional area of either fiber tract with age, it can be concluded that the observed decreases in area number density represent a loss of nerve fibers with age. Compared to the fiber tracts studied previously, this loss of myelinated nerve fibers is less robust. For the cingulate bundle the average myelinated nerve fiber loss is 22% between the ages of 6 and 30 years, while the genu shows a 21% loss.
What brings about this loss of nerve fibers? There is little evidence for any significant loss of neurons in normal aging in either the human (e.g., Terry et al., 1987; Pakkenberg and Gundersen, 1997) or the monkey brain (e.g., Morrison and Hof, 1997; Peters et al., 1998; Peters and Rosene, 2003) . The dorsal aspect of the genu of the corpus callosum, which was analyzed in this study, contains long projection axons from layer III neurons of prefrontal cortical areas 9, 12, and 46 (Barbas and Pandya, 1984; Pandya and Rosene, 1985) , as well as from anterior parts of the cingulate cortex (Schmahmann and Pandya, 2006) . Neuron counts from area 24 of the anterior cingulate gyrus in humans (Gittins and Harrison, 2004) and area 46 along the banks of principal sulcus in the rhesus monkey (Peters et al., 1994; Smith et al., 2004) have shown no significant loss of neurons with age. However, it should be noted that even though they observed no change in neuron number in adjacent area 46, Smith et al. (2004) reported a significant 32% reduction in Nissl-stained neurons from cortical area 8a. Commissural fibers from area 8a course through the rostral part of the body of the corpus callosum, immediately posterior to the fibers of the dorsal genu. If there is a loss of neurons from area 8a, it is possible that a small fraction of the nerve fiber loss in the genu is the consequence of this reduction in neuron number.
Even less information exists about the affects of age on the neurons contributing axons to the cingulate bundle. The cingulate bundle is a complex intrahemispheric fiber bundle composed of nerve fibers from dorsolateral prefrontal, medial prefrontal, orbitofrontal, cingulate, retrosplenial, parietal, entorhinal, and parahippocampal cortices, along with the presubiculum, striatum, and thalamus (reviewed in Schmahmann and Pandya, 2006) . Beyond the studies from the prefrontal and cingulate cortices noted above, the one relevant area that has received particular attention is the entorhinal cortex, which, like the prefrontal cortex, plays a role in learning and memory processes. Studies of the entorhinal cortex in the rhesus monkey have found no loss of neurons with age (Gazzaley et al., 1997; Merrill et al., 2001) . A study of presubicular neuron number in nondemented humans also revealed no loss of neurons with age (Harding et al., 1998) . So again, neuron degeneration is not likely to be a major contributor to the loss of myelinated nerve fibers from the aging cingulate bundle.
Interestingly, there appears to be little loss of nerve fibers from the intracortical bundles of axons found in primary visual cortex (Nielsen and Peters, 2001) . Consequently, as proposed by Peters and Rosene (2003) , a likely explanation for the loss of myelinated nerve fibers from cerebral white matter may be the selective degeneration of the long projecting axons of cortical neurons with age. In such a scenario, cortical neurons would be maintained and receive trophic support from rich, local, intracortical axon plexuses, despite the ''dying back'' of their long projecting axons.
In addition to the estimated 45% decrease in total myelinated nerve fiber length across the adult human lifespan discussed above, Marner et al. (2003) further reported a 13% increase in the mean diameter of myelinated axons over this same age range, leading the authors to conclude that smaller nerve fibers are being lost with age. In agreement with these histological data, recent DT-MRI studies suggest that a preferential loss of small diameter fibers can account for age-related inconsistencies in the correlations between indirect measures of white matter integrity such as fractional anisotropy and apparent diffusion coefficients (Yoon et al., 2008) . However, in the present study of the genu and cingulate bundle no evidence was found to suggest that a particular caliber of axons is preferentially lost with age.
Deterioration of myelin sheaths with age
Age-related alterations in myelin sheaths have been previously observed in the monkey visual cortex , prefrontal cortex (Peters and Sethares, 2002) , optic nerve (Sandell and Peters, 2001) , anterior commissure (Sandell and Peters, 2003) , and splenium of the corpus callosum (Peters and Sethares, 2002) . In each of these areas the frequency of alterations increased with age. Similarly, the cingulate bundle and genu of the corpus callosum show a marked increase in the frequency of myelin sheath alterations with age. In young monkeys only a small percentage (<2%) of fibers show alterations in their myelin sheaths, but by middle age the frequency of alterations steadily increases, so that in old age 6-9% of myelin sheaths profiles show alterations.
The most frequent form of myelin sheath alteration is a splitting of the sheath to accommodate dense cytoplasm. Similarly disorganized, dense cytoplasm has been described in the soma as well as internal and external tongue processes of oligodendrocytes exposed to toxins (Ludwin, 1978) , or pathogenic viruses (Powell et al., 1975; Blakemore et al., 1988) .
Although they are relatively infrequent in the cingulate bundle and genu, the presence of myelin balloons provides further evidence for the degeneration of myelin sheaths with age. The fluid-filled vacuolization of the myelin sheath is a common sign of myelin sheath degeneration in experimentally induced animal models of demyelination secondary to toxin exposure (Wisniewski and Raine, 1971; Blakemore, 1972; Blakemore et al., 1972; Ludwin, 1978) or in experimental disease states such as experimental allergic encephalomyelitis (EAE) (Raine et al., 1969) . In experimental cases the induced demyelination may be due to both direct damage to the myelin sheath or the indirect result of oligodendrocyte damage, but the precipitating event that leads to degenerative myelin sheath alterations in the aging cingulate bundle and genu remains unknown. Interestingly, a recent study in aging rats has shown that some oligodendrocytes undergo apoptosis with age (Cerghet et al., 2006) , suggesting that degenerative myelin sheath alterations in aging may result from death of the parent oligodendrocyte.
Remyelination
Although there is ample evidence for the degeneration of myelin sheaths in the aging monkey brain, there are also indications that some nerve fibers are actively remyelinating. As previously shown in the primary visual cortex and anterior commissure of the rhesus monkey, aging is accompanied by an increased frequency of paranodal profiles and decreased frequency of internodal profiles, indicating a shortening of internodes and an overall increase in the total number of internodal lengths of myelin Sandell and Peters, 2003) . There is a similar increase in paranodal profile frequency in the genu of the corpus callosum, with a trend toward a significant increase in the cingulate bundle. Additionally, in middle age there is an increase in the frequency of redundant myelin sheaths, which may indicate continuing myelination (Rosenbluth, 1966) , or as the active remodeling of myelin sheaths (Cullen and Webster, 1979) .
Recent studies indicate that the overall capacity for the old brain to remyelinate may be limited. Studies in the rat have found a decreased capacity for remyelination in old age following experimental, toxin-induced demyelination (Hinks and Franklin, 2000; Sim et al., 2002; Irvine and Blakemore, 2006; Shen et al., 2008) . The present results are equivocal. In agreement with these studies the frequency of redundant myelin sheaths follows a unique temporal pattern with age as compared to other myelin sheath changes: predominating in middle age and thereafter maintaining a plateau or decreasing in frequency in older animals. By contrast, the frequency of paranodal profiles, representing the result of remyelination, is increased in old but not middle-aged monkeys. Of note, a study by Li et al. (2006) has shown that deficiencies in remyelination occur to a greater extent in old male rats as compared to old female rats. Five of the six middle-age monkeys used in the present study were male. The impact that this male-weighted subject set may have on the present findings is unclear, but may serve to underestimate the overall frequency of paranodal profiles and redundant myelin sheaths in this age group, and possibly overestimate the frequency of degenerative myelin sheath changes in these same subjects.
An additional factor regulating the remyelination of deteriorating nerve fibers may be axon diameter. Studies of cuprizone-induced demyelination in mice have found that the spontaneous remyelination of demyelinated lesions preferentially involves axons that are less than 1 lm in diameter (Mason et al., 2001 ). The present analysis shows that small-caliber axons are most likely to be ensheathed by redundant myelin, as redundant sheaths around axons greater than 1.2 lm in diameter are rare.
Contributions to cognitive decline
The age-related degeneration of myelinated nerve fibers likely results in impairments in cognition function through a disruption in the coordination and conduction of neuronal signals between brain regions. In support of this notion, electrophysiological studies measuring axon conduction velocity in the spinal cord of cats have shown a significant slowing in velocity with age (Morales et al., 1987; Xi et al., 1999) . Furthermore, previous electron microscopic analyses of myelinated nerve fiber deterioration in the aging rhesus monkey have found significant associations between the increased frequency of altered myelin sheaths in the primary visual and prefrontal cortices and poor performance on cognitive tasks Peters and Sethares, 2002) . Additionally, nerve fiber loss in the anterior commissure has been shown to correlate with indices of global cognitive impairment (Sandell and Peters, 2003) .
Analysis of the associations of myelinated nerve fiber deterioration in the genu and cingulate bundle with behavior suggests that both nerve fiber loss and damage to myelin sheaths influences cognitive performance in a tract-specific manner. Despite ample evidence for the age-related deterioration of myelinated nerve fibers in the genu, there is little indication that the integrity of the corpus callosum is critical for normal cognitive performance. Only the frequency of degenerating axon profiles correlates with scores on the 2-minute delay phase of the DNMS task, and not with overall cognitive decline. This is not unexpected, in light of studies of the behavioral effects of callosectomy on humans, in which callosectomy is associated with a specific clinical syndrome that is not generally associated with marked impairments in learning or memory (Oepen et al., 1988; Hutter et al., 1997) .
Conversely, deterioration of myelinated nerve fibers in the cingulate bundle is highly correlated with age-related impairments in rule learning and short-term memory. In the cingulate bundle, overall cognitive impairment correlates with the percentage of myelinated nerve fiber profiles having degenerating axons, altered myelin sheaths, dense sheaths, and redundant sheaths. This is not surprising because the cingulate bundle links prefrontal, cingulate, and medial temporal areas (Goldman-Rakic et al., 1984; Morris et al., 1999) that are critical to cognitive processing in general and memory functions in particular (Goldman Rakic, 1988; Miller and Cohen, 2001) . Thus, while the degeneration of nerve fibers with age appears to be a ubiquitous phenomenon, the likelihood that the deterioration of an specific tract effects cognition appears to depend on which cortical areas are connected by that tract.
CONCLUSIONS
The present analysis of the integrity of myelinated nerve fibers in the genu of the corpus callosum and cingulate bundle provides further evidence that white matter in the normally aging primate brain deteriorates. With advancing age, myelinated nerve fibers are lost and there is an increased occurrence of myelin sheaths showing degenerative changes. Concurrently, deteriorations of myelin sheaths may be offset to some extent by remyelination. These degenerative and reparative changes appear to be ubiquitous throughout aging subcortical white matter and they contribute to impairments in cognitive function, especially when they involve white matter tracts critical for the processing of information related to learning and memory.
